Abstract-An optical access network transceiver based on a reflective semiconductor optical amplifier operating as modulator and photodetector is demonstrated. Device characterization and modulation/detection tests show the system proper operation at 1.25 Gb/s to 30-km reach. This optical network unit design is a simple and capable solution for future fiber-to-the-home networks.
Optical Network Unit Based on a Bidirectional Reflective Semiconductor Optical Amplifier for
Fiber-to-the-Home Networks I. INTRODUCTION F IBER-TO-THE-HOME technology is one of the main research objectives in the "broad-band for all" concept that encourages the development of optical access infrastructure. In order to fulfill this concept, cost effective solutions must be developed to be able to offer future-proof broad-band connections to end users at a reasonable cost [1] . A key element in access networks is the optical network unit (ONU) of the customer premises equipment, having a direct impact on the cost per customer, whereas, the access part represents the main segment of the total capital cost; thus, simple ONUs need to be designed. Other key desirable characteristics of an access network are the use of one single fiber for both upstream and downstream transmission in order to reduce network size and connection complexity of the outside plant [2] , the elimination of the laser source at the ONU, thus avoiding its stabilization and provisioning, and, if possible, all ONUs being wavelength independent, to fit in a transparent wavelength-division-multiplexing scenario of a future fiber-to-the-home (FTTH) network.
Some ONU models, that avoid the local generation of light and perform the above criteria, have been lately demonstrated by using different modulating formats for upstream and downlink transmission or some amplitude signal regeneration and advanced devices: combined phase-shift keying/intermediate modulation (IM) [3] , electroabsorption transceiver for signal remodulation [4] , polarization rotation remodulator [5] , and IM remodulation using semiconductor optical amplifiers (SOAs) [6] , [7] . The use of a semiconductor laser amplifier reflector in a passive optical network has been also proposed before; the earliest use of a laser amplifier for modulation in local acces is reported in [8] , and later in [9] , a reflector amplifier is introduced for modulation, and its amplifying and reflecting characteristics were analyzed. Upstream modulation systems are reported in [10] and [11] . On the other hand, in [12] , the capability of an SOA operating as a photodetector was verified.
In this work, we demonstrate the feasibility of an electrooptic transceiver at the ONU based on a single reflective semiconductor optical amplifier (RSOA) performing both operations, modulation and, for the first time, detection, at the higher bit rate of 1.25 Gb/s. Incoming light is modulated by the RSOA injection current carrying the upstream user data, and the RSOA also acts as a photodetector by sensing the voltage variation of the electrode. In this letter, we demonstrate both functionalities, detection and modulation, in a single-fiber wavelength routed FTTH scenario. It accomplishes all outside plant requirements previously mentioned, as well as the inherent optical amplification of the incoming signal.
II. SYSTEM SCHEME Fig. 1 depicts the network topology and the design of the proposed optical layer termination (OLT) and ONU. A tunable Fabry-Pérot laser InGaAsP [distributed feedback (DFB)] is used at the OLT as the light source at 1550 m. Downstream data is modulated at 1.25 Gb/s with a pseudorandom binary sequence using a Mach-Zehnder LiNbO modulator (MZM), and sent through an optical circulator that will play its role when receiving upstream data. A 1 8 arrayed waveguide grating routes optical signals depending on input wavelength to the desired ONU. The ONU is built just by one optical component, an RSOA, which acts as modulator and photodetector. Electrically, an interface circuit for the RSOA has been implemented to separate the received downstream signal and the ONU upstream data, combining a low noise wide-band preamplifier and a laser driver, both connected at the current electrode via an electrical switch which is used to activate receive or transmit mode, and to achieve better impedance adaptation and lower power loss.
A bidirectional IM-IM structure was considered operating in burst mode. Downstream data and upstream carrier are sent from the OLT time multiplexed in a single burst. The first burst section is downstream data and then, after a guard band, unmodulated optical carrier is sent for upstream modulation purposes. Upstream data is modulated by the RSOA, amplified, and sent back to the OLT; there, the optical circulator routes the incoming signal to the detection branch and isolates the laser source. The data source and receiver are synchronized in burst mode to the corresponding packet period (0.2 s in Fig. 1, bottom right) .
III. RSOA CHARACTERIZATION
The RSOA is InP-InGaAsP metal-organic chemical vapor deposition grown, with amplification length of 500 m. The reflective facet has 90% reflection and the front facet has a double layer antireflection-coated tilted output waveguide. Fig. 2 shows the static RSOA characterization in terms of output power [signal and amplified spontaneous emission (ASE)] as a function of bias current and input power. It can be seen that RSOA is highly saturated at output powers between 3 and 3 dBm, increasing with the bias current, with a maximum gain value of 17 dB; in addition, the ASE noise also increases with the current bias and decreases with the optical power injected, because of saturation, leading to optical signal-to-noise ratios (OSNRs) above 20 dB, as shown in the inset of Fig. 2 .
From this behavior, RSOA operation can be divided into two parts, a first linear section and a saturation section. We determine that modulation is better performed at the first, while detection in the later. Therefore, the bias current should to be tuned to get a convenient operation for each function. In the experiments, 70 and 110 mA were injected for modulation and detection, respectively.
Low-level bias currents exhibit higher slope, being more suitable for modulation operation, with higher extinction ratio and low ASE noise. The injected current modulation levels are set to 50 mA for the "0" and 90 mA for the "1," providing 14 dB of extinction ratio.
The detection mechanism consists of sensing the differences in voltage produced at the bias electrode of the device [12] . When varying the optical power at the RSOA optical input, a variation in the carrier density takes place inside the cavity, which is directly proportional to the variation of voltage (1) where is the junction ideality factor (estimated to two), is the Boltzmann's constant, is the absolute temperature (300 K), is the electronic charge, and is the carrier density. This process is more efficient in saturation regime, in the region where SNR is higher, but less with high ASE level. We observe optimum performance about 110 mA of bias where RSOA shows a responsivity about 85 V/W, and a flat frequency response up to 900 MHz. Taken m , (1) gives 65 V/W, similar magnitude order.
From the experiments, we observed that the RSOA has a considerable polarization dependent gain (PDG), about 5 dB, so a polarization controller was used in the experimental setup. This RSOA was initially designed as a gain element within a fiber grating cavity, and thus, it is rather long for this application since a high gain is not necessary and with length also increases the join capacitance and the PDG.
IV. EXPERIMENTAL SETUP
The ONU design and the system setup depicted in Fig. 1 were implemented to demonstrate the feasibility of the transmission, though for doing the experiments, one user at the OLT and one ONU were considered. OLT output power was 6 dBm and total link losses where 14 dBm.
Bit-error-rate (BER) measurements were taken separately first in the uplink, then in the downlink. Tests were performed using, first, two separate fibers for upstream and, secondly, one single fiber for both directions, in detection and in modulation modes. BER results obtained using the RSOA as a modulator are depicted in Fig. 3 , and the corresponding eye diagram in Fig. 3(a) and (b) . The 25-dBm sensitivity (at a BER of ) obtained using two different fibers are almost identical in both back-to-back and using 30 km of standard single-mode fiber (SMF), as dispersion is negligible at 1.25 Gb/s. When the system becomes bidirectional, that is to say, in the single fiber transmission, a 5-dB degradation of sensitivity has been obtained in back-to-back. It is mainly caused by the nonideal isolation of the circulator and the residual reflections in connectors. Angled physical contact connectors have been mostly used to minimize reflections. When introducing the 30 km of standard SMF (G-652), there is a 2.5-dB penalty due to the Rayleigh backscattering effect, which is the most important signal perturbation when transmitting using a single fiber on both directions at the same wavelength [13] , [14] .
On downstream, RSOA detection capabilities have been tested by modulating a 1.25-Gb/s data signal using an MZM and a DFB laser source located at the OLT. In the bidirectional trial, 19-dBm optical power is needed at the receiver to supply the detectable variation of voltage. The results that have been obtained in both modulation and detection mode are summarized in Fig. 3 and corresponding eye diagrams in Fig. 3(c) and (d) . It can be seen that downstream signal is not severely degraded when transmitting using a single fiber along 30 km, though a 2-dB penalty in sensitivity was measured when the RSOA was operating as modulator in the uplink. The reason for this difference is that the upstream signal is remotely modulated using an optical carrier sent from the OLT, so it is transmitted twice along the fiber and therefore is more affected by Rayleigh scattering than the downstream signal, which just travels in one direction along the fiber; also, the upstream signal has broader spectrum due to the RSOA modulation and chirp, which reduces the interference.
V. CONCLUSION
An RSOA as ONU has been presented as a potential costeffective solution for an FTTH passive optical platform with bidirectional operation along single fiber outside plant. Being wavelength independent, this ONU design is able to achieve the high bit rates for a triple play environment, up to 1.25 Gb/s in these experiments.
Modulation and photodetection tests have been implemented in order to demonstrate the architecture feasibility. Results show that bidirectional communication using one single fiber is possible with proper bias levels. ASE noise and Rayleigh backscattering can constrain system performances but a reasonable sensitivity is achieved 17 dBm in the uplink and 19 dBm in the downlink.
